ABSTRACT In this paper, a resonator-fed wideband and high-gain patch antenna with enhanced selectivity and reduced cross-polarization are proposed. First, a slot-loaded square patch antenna is chosen to operate in TM 03 mode, and so high gain can be realized. Second, the antenna consists of two resonators below patch and can be equivalent as a third-order cascaded trisection (CT) filter. Three transmission poles are produced to widen the bandwidth, and additional attenuation pole caused by cross coupling is introduced at the low side of passband to improve the selectivity of antenna response. Third, a new extraction method based on the properties of second-order filter network is proposed to derive the coupling coefficient between each resonator and patch under complex coupling condition. At last, the feeding structure helps to suppress the adjacent even modes, which significantly reduces the cross-polarization of the antenna. The simulated and measured results demonstrate that the antenna has achieved 6.2% bandwidth, up to 14.4-dBi high gain, and more than 30-dB cross-polarization suppression.
I. INTRODUCTION
Patch antennas have been widely used today for their merits of low-profile and compact realization. But two inherent limitations have been constraining their application: the narrow impedance bandwidth and low radiation gain.
Patch antennas are resonant-type radiators whose quality factors are usually high, and so the initial bandwidth is pretty narrow. In the past decades, great efforts have been made to explore the wideband techniques for patch antennas. In general, the bandwidth of a patch antenna can be broadened with several approaches, such as: (1) Use staked or parasitic patches [1] , [2] ; (2) Increase the antenna profile and feed the antenna with an L probe [3] ; (3) Introduce a U-shape slot to
The associate editor coordinating the review of this manuscript and approving it for publication was Chow-Yen-Desmond Sim. patch and produce an additional resonance in slot [4] , [5] ; (4) Perturb and merge two or more cavity modes of a patch radiator through loading of shorting pins or slots [6] , [7] . All these techniques are effective in some aspects, but they are usually carried out in a quantitative way, and synthesis design is almost impossible. In recent years, another technique, which is now recognized as filtering antenna design, has been proposed and developed to achieve more attractive wideband features of patch antennas [8] . Basically, in the design of filtering antenna, the patch radiator is equivalent as the last-stage resonator along with port impedance, and the whole antenna is generalized as a two-port bandpass filter network [8] . This innovative idea not only results in more compact integration of radiators and filter networks, but also makes it possible to conduct an efficient synthesis design of the whole antenna. The works in early stage mainly concentrated on synthesis method itself, and research interest was mostly focused on the impedance response and bandwidth [9] - [13] . Later, some researchers began to find that the filtering design can be further utilized to improve the radiation performance, including gain selectivity [14] , polarization purity [15] , [16] , isolation [17] , circular polarization [18] - [20] , sidelobe level [21] , and so on. Some successful designs [22] , [23] have highly integrated the feeding networks and radiators, and wideband performance is realized at no cost of extra occupied area, which is always demanded in applications. However, in this case, the coupling between resonators and radiators has become too complex, and it is extremely difficult to extract the coupling coefficient which is required in synthesis design.
Besides, the radiation gain of a patch antenna can be significantly enhanced by various techniques, such as the partially reflective surface [24] , dielectric superstrates [25] , parasitic radiators [26] , shorting loading [27] , [28] , and high-order modes [29] - [32] . It should be noted that all these techniques are effective only in narrow band. Recent research [33] has improved the bandwidth and gain simultaneously by exciting and merging two high-order modes which have similar radiation patterns. However, patch antennas under high-order-mode operation are at the risk of degraded radiation performance which is affected by adjacent modes. For example, when the TM 03 mode of a rectangular patch antenna is utilized for high-gain broadside radiation, the undesired TM 02 , TM 20 , TM 21 , and TM 22 modes near the band of interest may also be excited as byproducts. These even modes have unsatisfactory lateral radiation, and their surface current distribution of even symmetry will increase the cross-polarization level. These modes are close to the operating band and cannot be sufficiently suppressed by selecting proper feeding point as usual. In this context, it is challenging for a high-order-mode patch antenna to achieve stable wideband high gain, good parasitic-mode suppression, and reduced cross-polarization at the same time.
In this paper, the aforementioned issues are addressed by feeding the TM 03 -mode patch antenna with two resonators beneath the patch. On the one hand, the two resonators and patch radiator operate as a third-order cascaded trisection (CT) filter, and thus widened bandwidth and improved gain selectivity can be simultaneously achieved. On the other hand, the feeding structure effectively suppresses the undesired even modes, and this significantly reduces the crosspolarization. Moreover, by putting all the resonators below patch, the feeding network is highly integrated with radiator, occupying no additional area. As compared with the reported compact filtering antenna designs, a new method for determining the coupling coefficient between resonators and patch within complex boundary is proposed and developed, which effectively facilitates the synthesis design. With the proposed method, a wideband and high-gain patch antenna with enhanced selectivity is designed, achieving 14.4-dBi realized gain, 6.2% bandwidth, and more than 30-dB cross-polarization suppression. 
II. WOKING PRINCIPLE AND SYNTHESIS DESIGN A. ADJACENT MODES AND CROSS-POLARIZATION
In order to sufficiently achieve high gain, a square patch antenna working in TM 03 mode is employed. The geometry of the patch is depicted in the inset of Fig. 1 . For the sake of sidelobe suppression, the slot-loaded and current-reshaping techniques proposed in [32] are further developed here. A pair of slots with length of L s and width of W s is symmetrically loaded along the central line of patch, and their edge-to-edge spacing is set as D. The slot length L s determines the E-plane sidelobe level, while the slot spacing D affects the H -plane beamwidth. By taking the achievable gain and radiator's quality factor into account simultaneously, the slot parameters are set as L s /W = 0.35 and D = 15.4 mm. More detailed parameters of the substrate will be later illustrated in Fig. 3 .
The antenna is fed by a probe at first, and the simulated input resistance is shown in Fig. 1 . Though the TM 03 mode is excited at 4.0 GHz as expected, other adjacent modes, including TM 02 , TM 20 , TM 21 , and TM 22 modes also come out near the dominant mode. Due to their close spacing in frequency range, the adjacent modes will inevitably contribute to the dominant-mode radiation. As show Fig. 2 (a)-(c) , the on-patch current distribution of these modes is in even symmetry with respect to the x-z or y-z plane, which will result in undesired monopole-like radiation patterns. What's more, the far fields radiated by the x-oriented current components in Fig. 2(a) and (c) cannot be self-cancelled, and they will serve as a source of H -plane cross-polarization for TM 03 mode. As shown in Fig. 2(d) , the cross-polarization level of the antenna at 4.0 GHz is notably high in the H -plane, even comparable with that of co-polarization. The annoying cross-polarization will degrade the isolation of orthogonal ports and reduce the diversity gain of a wireless communication system, and thus it highly requires significant suppression.
B. ANTENNA TOPOLOGY AND EQUIVALENT CIRCUIT MODEL
The design of the proposed patch antenna is inspired by the cascaded trisection (CT) filter, and the exploded view, top view, and side view of the antenna are show in Fig. 3(a) , (b), and (c), respectively. The antenna is in a suspended structure, and consists of lower and upper substrates, of which the thicknesses are T 1 and T 2 , respectively. A square patch is placed on the top surface of the upper substrate, while two resonators are on the lower substrate. The outer resonator is a rectangular microstrip ring, while the inner one which looks like a spider is fed by a probe. In this paper, the two substrates are chosen as Rogers 4003C, with relative permittivity of ε r = 3.55, and thickness of T 1 = 0.81 mm, and T 2 = 0.508 mm.
The two resonators and the patch radiator are coupled to each other, and the whole of them can be equivalent as a third-order bandpass filter, as depicted in Fig. 4(a) , where the resonant frequencies of three resonators are f 01 , f 02 and f 03 . Herein, the patch radiator is modeled as lossy resonator represented by L 3 , C 3 , and R A , where R A stands for the radiation resistance. Coupling coefficients M 12 and M 23 denote the electromagnetic coupling between inner and outer resonators, outer resonator and patch, respectively. Besides, there is cross coupling between the inner resonator and patch, and it is designated as M 13 .
According to theory of coupled-resonator filters [34, Ch. 7] , the response of such a two-port bandpass filter can be expressed by its coupling coefficients (M 12 , M 23 and M 13 ) and external quality factors (Q e1 and Q e2 ), where Q e1 and Q e2 are given by
where ω 0 is central angular frequency, and Q e2 can be substituted by the quality factor of the patch radiator in design. For the sake of simplification, the topology of the circuit model in Fig. 4 (a) is assumed to be symmetric, i.e., f 01 = f 03 , M 12 = M 23 , Q e1 = Q e2 . Through a weak-coupling extraction procedure, the quality factor of the patch radiator is found to be Q e2 = 24.5. After that, the in-band reflection coefficient is selected to be below −11.5 dB, and the attenuation pole is set at f = 3.75 GHz. Then, the coupling coefficients (M 12 , M 23 , and M 13 ) and resonant frequencies (f 01 , f 02 , and f 03 ) can be derived with method in [34, Ch. 9] , and their values, as well as the response of the filter, are given in Fig. 4(b) . It is clear that the two resonators will not only help to achieve wider bandwidth, but also improve the selectivity of the antenna.
C. EXTRACTION OF COUPLING COEFFICIENT
Although the procedure in Section II-B can determine the initial parameter values of the circuit model in ideal case, it still has a long way to go before real implementation. The greatest challenge is to determine the coupling coefficient between each resonator and the patch radiator. Since the whole of each resonator is covered by the patch, any external port for excitation will be coupled by the resonator and patch at the same time, and cross coupling is inevitable. For this reason, the traditional weak-coupling extraction method for coupling coefficient will lose its validity. To solve this problem, we have developed a new method based on the intrinsic properties of a second-order bandpass filter. To begin with, please consider a generalized secondorder bandpass filter network depicted in Fig. 5 . According to the theorem of coupled-resonator filters, the admittance matrix of this two-port network can be expressed by
where Q e1 and Q e2 are the external quality factors at port 1 and 2, respectively, and M 11 , M 22 , and M x are coupling coefficients. The coupling coefficients and variable P are given by
where f 01 and f 02 are the resonant frequencies of the resonator 1 and 2, respectively. When they are equal to each other, i.e., synchronously tuned, we have M 11 = M 22 = 0. After that, the reflection and transmission coefficients can be derived as From (3)- (5), it can be deduced that the response of the second-order filter network in Fig. 5 is only determined by coupling coefficient M x if resonant frequencies of resonators and external quality factors at ports are specified. In other words, the coupling coefficient can be derived from the resultant S-parameters of the network.
To determine the exact values of coupling coefficients between each resonator and the patch in simulation, the antenna is simplified into two cases at first corresponding to M 13 and M 23 : (1) only the inner resonator coupled to patch; (2) only the outer resonator coupled to patch. After that, the coupling coefficient can be extracted from the reflection coefficient S 11 or input impedance Z in looking into the feeding probe.
To better demonstrate this method, S 11 and Z in for these two cases are calculated with (3)- (5), and the results are shown in Fig. 6 . In case 1, the inner resonator and patch are synchronously tuned and their coupling strength (M 13 ) is relatively weak. As shown in Fig. 6(a) , S 11 in this case is VOLUME 7, 2019 symmetric with respect to the real axis of the smith chart and only one peak is observed in the input resistance. In contrast, in case 2 the outer resonator and patch are asynchronously tuned and their coupling strength is stronger. As shown in Fig. 6 (b) , both S 11 and Z in lose symmetry. Besides, a small loop and two peaks have come out in the S 11 and Z in response, respectively, which means wider bandwidth. The variation of Q e1 can represent the change of feeding point, and it only affects the magnitude of input impedance. In simulation, by altering and adjusting the parameters of resonators and patch until the reflection coefficient or input impedance matches the results in Fig. 6 , the desired coupling coefficient will be obtained.
III. SIMULATION AND IMPLEMENTATION
In this section, the geometrical parameters of the two resonators will be further determined in simulation by utilizing the extraction method of coupling coefficient proposed in Section II-C. The two critical coupling coefficients, M 13 and M 23 , under different conditions are figured out in two individual simulation procedures, in which the patch will be coupled to only one of the inner and outer resonators.
A. INNER RESONATOR COUPLED TO THE PATCH
According to the results in Section II-B and Fig. 4 , the cross coupling between the inner resonator and patch is relatively week, i.e., M 13 < M 23 . To acquire different coupling strength, varied shape of resonators is investigated, and the associated input impedance is shown in Fig. 7 (a)-(c) .
When the half-wavelength resonator is straight, as depicted in Fig. 7(a) , two peaks can be found in the input resistance, which means the coupling between the resonator and patch is strong. In such a face-to-face and broadside coupling structure, the current on resonator is parallel to that on bottom side of patch, and thus strong coupling can be achieved.
After that, the two ends of the resonator are bended and extend in the x direction. From the results in Fig. 7(b) , it can be found that the two peaks of input resistance now have come closer, which indicates the coupling has been weakened and the bandwidth is narrowed down. This is because the effective coupling area of the resonator has been shrunk. The current on the two bended stubs is even-symmetric and orthogonal to the current on patch, which contributes little to the coupling.
At last, the resonator is further bended into a spider shape, as shown in Fig. 7(c) , which significantly shortens the effective length for coupling. Besides, part of the current on resonator will be in opposite direction, which has cancelling effect. For this reason, the coupling of interest becomes the weakest, and the two peaks of input resistance has degenerated into one, the same as that in Fig. 6(a) .
Meanwhile, the simulated results are mapped to the calculated ones derived from (3)-(5) under different coupling coefficients. The simulated and calculated results show excellent agreement, and so the simulated coupling coefficients can be substituted with calculated one. As such, it can be deduced that the simulated values of coupling coefficient M 13 corresponding to Fig. 7(a), (b) and (c) should be 0.0423, 0.0321 and 0.0178, respectively. Therefore, the initial geometrical parameters of the inner resonator can be determined with results in Fig. 7(c) . 
B. OUTER RESONATOR COUPLED TO THE PATCH
To obtain the coupling coefficient M 23 in simulation, a microstrip ring resonator is fed by a probe and then coupled to the patch, and the geometry is shown in the inset of Fig. 8 . The feeding point in this case cannot be freely chosen and the external quality factor Q e1 is equal to 3.5. The width W 6 and length L 6 mainly affect the coupling strength, while the sum of L 5 and L 6 determines the resonant frequency of the ring. Adjust these parameters in simulation and then the simulated input impedance approaches and matches the calculated one well. As such, the desired coupling coefficient of M 23 = 0.0434 can be realized.
Besides, coupling between the inner and outer resonators can be extracted via the traditional method of weak-coupling excitation [34, Ch. 7] . It should be noted that the length L 5 will have effect on both the coupling between resonators and the resonant frequency of outer resonator, and its value needs to be determined with a few iteration steps in simulation.
C. COMBINATION OF TWO RESONATORS AND PATCH
After the initial geometrical parameters of the inner and outer resonators are obtained by means of the extraction method in Section II, these three parts are combined to make up the final design. Fig. 9 depicts the response of the antenna in synthesis design and simulation. It is found that the simulated S 11 of the initial antenna is close to the one derived in synthesis design, which demonstrates that the extraction procedure above is effective and accurate. After a minor fine tuning, the simulated and calculated S 11 agree with each other very well. Besides, the normalized gain is flat in passband, and then sharply rolls down out of band. In particular, deep attenuation of gain is generated at 3.79 GHz, which results in sharp skirt on the low side of passband. The simulated gain in stopband is somewhat higher than the calculated one mainly because the feeding and the resonators have slight parasitic radiation, which cannot be taken into account in circuit model. So far, the antenna design in simulation is accomplished, and the dimensional parameters of the antenna in final design are tabulated in Table 1 .
To give more physical insight into the working principle, the on-patch current distribution of our proposed antenna and the reference antenna in Fig. 1 is shown and compared in Fig. 10 . Due to the existence of other even modes, the reference antenna in Fig. 10(a) loses the odd symmetry of current distribution with respect to H -plane, which arouses the cross-polarization. In contrast, the current distribution of the proposed patch antenna is much more symmetric, since the adjacent even modes have been well suppressed. As a result, the improved current symmetry will lead to reduced cross-polarization.
IV. RESULTS AND DISCUSSION
To verify the working principle, an antenna prototype is fabricated, and the photograph is shown in Fig. 11 . The two substrates are assembled with plastic screws, and a coaxial probe is soldered on the bottom side of the lower substrate. Besides, impedance and radiation parameters are measured VOLUME 7, 2019 by Angilent E5071C vector network analyzer and SATIMO nearfield antenna measurement system, respectively.
To evaluate the mode suppression of the antenna, the input impedance is measured in a wide frequency range from 1 to 5 GHz, and the simulated and measured results are shown in Fig. 12(a) . It should be noted that the reference plane has been moved to the ground plane. Three peaks of input resistance come out in the operating band, which are corresponding to the three resonant modes from resonators and patch. Outside the operating band, the input resistance sharply rolls down and is kept near 0 . If compared the results in Fig. 1 , it can be found that the adjacent TM 02 , TM 20 , TM 21 and TM 22 modes have been well suppressed. At about 4.4 GHz where the TM 22 mode operates, the peak resistance is less than 2.4 , and thus the associated radiation is negligible. Suppression of these even modes will contribute to improved polarization purity. Next, the reflection coefficient and realized gain of the proposed antenna and the reference antenna in Fig. 1 are depicted in Fig. 12(b) . The reference antenna is poorly matched in band of interest, because the discontinuity at feeding probeand effect of adjacent modes have significantly increased the input reactance. Due to the narrow operating bandwidth and poor impedance matching, the realized gain of the reference antenna is gradually reduced at the two sides of central frequency f = 4 GHz, showing poor selectivity. In contrast, the bandwidth of the proposed antenna is much wider. As expected, three reflection zeros have been produced, and the |S 11 | below −10 dB ranges from 3.882 (3.884) to 4.130 (4.123) GHz in measurement (simulation), resulting a fractional bandwidth of about 6.2% (6.0%). The response of realized gain in passband is flat, and the maximum simulated and measured values are as high as 13.6 and 14.4 dBi, respectively. In the low side of passband, a deep attenuation of gain and radiated power is generated at about 3.8 GHz, which significantly improves the selectivity of the antenna.
At last, the simulated and measured radiation patterns of the antenna are compared in Fig. 13 , which show good agreement. It is clear that the radiation patterns of co-polarization are kept in stable beamwidth and beam shape at different operating frequencies, which are coherent with the flat gain response in Fig. 11 . More importantly, the cross-polarization level in the two principal planes is dramatically low. The simulated cross-polarization in the E-plane is too low to be seen in the figure, since the antenna is symmetric with respect to the E-plane. In the H -plane, both the simulated and measured the cross-polarization levels are at least 30-dB lower than the broadside gain, showing satisfactory polarization purity. In Fig. 13(b) , the radiation patterns are compared with simulated results of the reference antenna in Fig. 1  at 4 GHz. It is found that their co-polarization patterns are almost the same, but distinctively different in H -plane crosspolarization patterns. If compared with reference antenna, the cross-polarization of the proposed antenna has been significantly reduced by about 20 dB. This is attributed to the adjacent mode suppression, as explained above.
To better demonstrate the contribution of this work, the performance comparison between reported works and our proposed on has been made in Table 2 in terms of fractional bandwidth, maximum realized gain, cross-polarization level, enhanced gain selectivity, extra occupied area, and synthesis method.
Firstly, as compared with the multi-mode wideband patch antennas in [11] and [14] , the conventional filtering antennas in [11] and [14] , and compact filtering antennas in [22] and [23] , our proposed antenna has the advantages of much higher realized gain, and lower cross-polarization level. Secondly, if compared with the conventional high-gain antenna units, such as the stacked patch antenna in [26] and pin-loaded patch antenna in [27] , the proposed antenna in this work not only has much higher gain, but also has wider bandwidth. At last, if compared with the high-gain patch antennas in [29] and [32] which are also under higher-order-mode operation, the bandwidth of our proposed antenna is at least four times wider. Besides, comparing with all these works, our proposed antenna is distinguished by the ability to achieve stable high gain in band, enhanced selectivity out of band, and more compact structure by means of a synthesis process and our proposed extraction method for coupling coefficient.
V. CONCLUSION
In this paper, a resonator-fed patch antenna is proposed for wideband high gain, improved selectivity, and reduced crosspolarization. The antenna is equivalent as a third-order CT filter, and the element values, including the required coupling coefficients, are determined through the traditional synthesis design of filters at first. After that, a new extraction method based on the intrinsic properties of a second-order bandpass filter network is proposed and utilized to figure out the coupling coefficient between each resonator and patch within complex coupling boundary in simulation. At last, a TM 03 -mode patch antenna with two resonators beneath patch is designed, and the configuration and geometry of resonators are carried out with the proposed extraction method. Due to the filtering design of the antenna, the adjacent even modes of patch radiator are effectively suppressed, and thus improved gain selectivity and reduced cross-polarization can be achieved. In particular, the antenna is demonstrated to have 6.2% bandwidth, 14.4-dBi high gain, and more than 30-dB cross-polarization suppression. The low-profile, wide-band, high-gain, and low-cross-polarization performance make the antenna good candidates for mid-and far-range communications, such as satellite communications. TAO YUAN received the bachelor's and master's degrees from Xidian University, China, and the Ph.D. degree from the National University of Singapore, Singapore. He is currently a Professor with the College of Information Engineering, Shenzhen University, Shenzhen, China. His current research interests include developing novel RF modules, and antennas for mobile terminal and 5G applications. VOLUME 7, 2019 
